Abstract -This letter investigates thermal rectification (TR) in graphene-carbon nanotube (GN-CNT) junctions formed by SWCNT(12, 12) connected with a single-layer graphene nanosheet (GN-SWCNT(12, 12)). It is found that the TR ratio of GN-SWCNT junction can be enhanced dramatically by tuning the chirality of the pillar. TR ratio of the GN-SWCNT(12, 12) junction can respectively reach up to 1487% and 2586.4% at temperatures of 300 K and 200 K (|Δ| = 0.5), much higher than those previously reported for the pillared graphene and GN-CNT junctions. The influences of the geometric parameters on the thermal rectification are discussed. The results could offer useful guidelines to the design and performance improvement of the GN-CNT-based thermal rectifier.
studies [3, [8] [9] [10] [11] have been carried out to investigate heat conduction in PGS, however, PGSs with pillars using SWCNT (6, 6) were solely considered in most of these studies. Recently, Zhang et al. [12] probed the topology and thermal conductance of 3D nanotube-graphene cone junctions in which the diameter of the CNTs was approximately 20Å. They found that the geometry of the connecting region influenced the conductance of the junction.
As a fundamental device for heat transport control and phononics, the thermal rectifier allows heat/phonon to flow preferentially in one direction. Thermal rectifiers have great potential in thermal management and phononics circuit applications. To obtain a more efficient thermal rectifier, many studies have been conducted to explore new nanostructures with a TR effect and to study novel TR mechanisms [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . It has been reported that the designed graded PGS and a single GN-SWCNT junction with SWCNT(6, 6) as pillar(s) (GN-SWCNT(6, 6) junction) exhibited an ultrahigh thermal rectification (TR) ratio [23, 24] . However, how pillars with different chiralities affect the thermal rectification of PGS and CNTgraphene junctions remains unknown. In this paper, 44004-p1 classical non-equilibrium molecular-dynamics (NEMD) simulations are used to investigate thermal rectification for GN-SWCNT (12, 12) junctions. Results demonstrate that the TR ratio of GN-CNT junction can be further enhanced by using a pillar with different chirality.
Simulations. - Figure 1 compares the atomic structures of a GN-SWCNT(6, 6) junction and a GN-SWCNT (12, 12) junction. Both of them have six heptagons at the junction, concurring with Euler's rule and the results of Zhang et al. [12] . However, the graphene nanosheet and the tube in the connecting region of the GN-SWCNT(6, 6) junctions need to be bent more severely than in the GN-SWCNT(12, 12) junction due to the smaller diameter of SWCNT (6, 6) .
In our simulations, classical NEMD method is adopted. NEMD simulations are performed using the LAMMPS software package [25] . In all simulations, the TR system of the GN-CNT junction is divided into three parts: fixed parts, thermostated parts, and free parts. Along the tube's longitudinal direction, the side of the graphene nanosheet(s) is hereafter referred to as the wide side, and the open end of the tube is referred to as the narrow side. The optimized Tersoff potential [26] is adopted to model the C-C interactions for the GN-CNT junction, which could provide conductivity value consistent with the experiment for carbon materials [4, 22] . The atoms in the fixed parts at both sides are fixed to obtain a suspended structure, and the free boundary condition is applied in all directions.
The system is first relaxed in the NVT ensemble at 300 K for 5 × 10 6 time steps (0.4 fs/step) with a Nosé-Hoover thermostat. Then, NEMD is performed for another 12 × 10 6 steps in the NVE ensemble to establish a temperature gradient along the longitudinal direction of the tube using a Berendsen thermostat [27] to study the nonlinear thermal transport processes [15, 28] . Temperatures in the two thermostated regions on the wide and narrow sides are respectively set at T 0 (1 + Δ) and T 0 (1 − Δ); T 0 represents the average temperature, and Δ represents the normalized temperature difference. The TR ratio is computed as
where J + is the heat current from the wide side to the narrow side when Δ > 0, and J − is the heat current from the narrow side to the wide side when Δ < 0. The vibration density of states (vDOS) or phonon power spectra has been widely used for the analysis and explanation of TR and heat conduction behaviour in nanostructure systems. The vDOS is calculated by Fourier transform of the velocity autocorrelation functions of the simulated systems. The vDOS of the i-th atom, D i (f ), is defined as
where v i (t) is the velocity vector of the i-th atom at time t and · · · indicates an ensemble average. The schematic diagram for simulations of TR in GN-SWCNT (12, 12) junctions is shown in fig. 2(a) , where green, red and cyan areas denote the fixed part, thermostated part and free part of the system. L 1 denotes the height of the tube from its top end to the graphene nanosheet, and L 2 denotes the side length of the square graphene nanosheet (excluding its fixed part) where the width of the fixed region is set to 0.4 nm.
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Enhancing TR in GN-CNT junctions by tuning the chirality of pillar Results and discussion. -The 2D gridded data of the TR ratio by L 1 varied from 3.69 to 9.84 nm (15-40 unit cells) with a step of five unit cells; L 2 varies from 6 to 18 nm with a step of 2 nm as calculated by MD simulations. T 0 is set at 300 K, and |Δ| is set at 0.5. Then, a cubic interpolation is followed on the gridded simulation results to obtain a smoother TR ratio distribution with respect to L 1 and L 2 ; see fig. 2(b) . The corresponding J + and J − are shown in fig. 2(c) and (d) , respectively. Figure 2(b) shows that GN-SWCNT (12, 12) junctions exhibit an ultrahigh TR ratio within an optimal geometric size. The maximum TR ratio is at A point in fig. 2(b) with a value of 1487%, and the corresponding sizes are L 1 = 4.9 nm and L 2 = 12 nm.
The TR ratios for the GN-SWCNT(12, 12) junction with geometry size sets A almost increase linearly with an increase of |Δ| in the range from 0.1 to 0.5 as shown in fig. 3(a) . This observation is similar to the previous results [29, 30] . In addition, the TR ratios decrease with an increase in average temperature ( fig. 3(b) ). Such variations are similar to those presented in the previous literature [31, 32] , which can be explained as the weakening effect of Umklapp scattering. The TR ratio can reach 2586.4% at a temperature of 200 K. The maximum TR ratios are approximately 20% and 53.8% larger than those of the reported GN-SWCNT(6, 6) junction [24] at temperatures of 300 K and 200 K (|Δ| = 0.5), respectively. Therefore, we demonstrate that the TR ratio of GN-SWCNT junction can be further enhanced by choosing a pillar with a different chirality.
To understand the ultrahigh TR ratio exhibited in the GN-SWCNT(12, 12) junctions, we calculate the vDOS and the velocity autocorrelation function (VACF) for the fig. 4 (a), significant sharp peaks at 14.3 THz are observed in the power spectra for the narrow side under Δ = −0.5 but did not appear in the power spectra for the wide side. The significant peak at 14.3 THz is demonstrated to be a standing wave with a frequency of 14.3 THz by VACFs as shown in fig. 4(c) . This type of vDOS peak and the standing wave are identified and discussed in detail in previous studies [16, 17, 23, 24] , explained by the local resonance that occurred only when Δ < 0 for the narrow end of the graded nanostructure. The frequency of 14.3 THz for the vDOS peak and the standing wave is slightly less than that of 14.5 THz for those in GN-SWCNT(6, 6) junctions reported previously [24] . The physical essence of the vDOS peak is actually the transverse acoustic wave or standing wave as suggested by 44004-p3 other studies [16, 33] . The vDOS peak in this paper is the result of generating standing wave at specific frequency. Recently, Chen et al. [34, 35] proposed a wave-dominated energy transport mechanism in the study for graphene and boron nitride nanostructures, the mechanism is similar to that of the standing wave which dominates the vibration in graphene-carbon nanotube junctions at the narrow side in our work. To provide a concise physical picture for the standing wave, the temperature profile of GN-SWCNT(12, 12) with geometry size sets A along the heat transport direction is shown in fig. 5 . It can be seen that the temperature profile behaves as periodic undulation due to the existence of the standing wave.
The resonance effect on thermal transport has attracted substantial attention recently. Research has shown that a metamaterials approach that relies on localized resonances holds great promise for engineering nanoscale heat transport [36] [37] [38] [39] . Xiong et al. [36] found that combining designed resonant structures to alloying can lead to extremely low thermal conductivity in silicon nanowires. Davis et al. [38] investigated the local resonance results of reducing thermal conductivity in periodic arrays of pillars erected on free surfaces. Recently, the standing wave induced by local resonance is found and suggested as another important mechanism for TR in graded nanostructures [16, 17] . The standing waves generally occur at the region near the narrow end of the graded nanostructure when the narrow end is at a higher temperature than the wide end. The existence of the standing wave greatly hinders the propagation of phonon waves as well as the transfer of thermal energy. In fact, thermal rectification in a nanostructure may be induced by more than one mechanism, such as asymmetric effect, phonon spectra overlap, inseparable dependence of thermal conductivity on temperature and space, the standing wave and phonon edge localization, and some of these mechanisms should be interrelated and inseparable. In this work, the ultrahigh TR ratio in GN-CNT junctions is attributed to the comprehensive effect by both size asymmetric boundary thermal contacts and the standing wave induced by local resonance, however analysis of the ration between these two rectifying mechanisms is rather difficult because these two mechanisms is interrelated.
In the present work, the unusually high TR from the GN-CNT junctions is attributable to the resonance effect on thermal transport. For the GN-CNT junction, the strong local resonance-induced standing wave appeared near the tube ends and greatly reduced thermal conductivity under negative temperature bias but not under positive temperature bias, resulting in preferential heat/phonon flow in one direction. For example, for the GN-SWCNT(12, 12) junction with geometric size set A, the thermal conductivity λ and thermal resistance R along the longitudinal direction of the tube are, respectively, 24. 9 K/W when Δ = −0.5. The local resonance leads to a more heavily thermal conductivity reduction for the GN-SWCNT(12, 12) junction under negative thermal bias than that for the GN-SWCNT(6, 6) junction, thus making a higher TR ratio in the GN-SWCNT(12, 12) junction.
Conclusions. -In summary, thermal rectification from the GN-SWCNT (12, 12) junction is investigated via MD simulations. We find that the TR ratio of the GN-SWCNT junction can be tuned dramatically by controlling the chirality of the pillar. The thermal rectification ratio of the GN-SWCNT(12,12) junction can respectively reach up to 1487% and 2586.4% at temperatures of 300 K and 200 K (|Δ| = 0.5), much higher than those previously reported for the graded PGS and GN-CNT junction by SWCNT (6, 6) . The influences of the geometric parameters on the thermal rectification are discussed, and the underlying mechanism is explored. The results reveal that the local resonance and their induced standing wave are the underlying physical mechanism behind the ultrahigh thermal rectification. This study provides a guidance for application of the GN-CNT junction and their based PGS in thermal management. * * *
